A superconducting point contact is used to determine the spin polarization at the Fermi energy of several metals. Because the process of supercurrent conversion at a superconductor-metal interface (Andreev reflection) is limited by the minority spin population near the Fermi surface, the differential conductance of the point contact can reveal the spin polarization of the metal. This technique has been applied to a variety of metals where the spin polarization ranges from 35 to 90 percent: Ni 0.8 Fe 0.2 , Ni, Co, Fe, NiMnSb, La 0.7 Sr 0.3 MnO 3 , and CrO 2 .
A new class of electronics is emerging based on the ability of ferromagnetic metals to conduct spin-polarized currents (1) . The effectiveness of magnetoelectronics depends on the extent to which a current is spin-polarized. All device designs improve their performance as the spin polarization P 3 100%. For both scientific and technological reasons it is important to be able to directly and easily measure the electronic spin polarization at the Fermi energy, E F , of a candidate material.
Unfortunately, determining P at E F of a ferromagnet (FM) is not easy. A typical transition-metal FM has two components to its electronic structure: narrow d bands that may be fully or partially spin-polarized (due to the on-site exchange energy) and broad s bands with a lesser degree of spin polarization (due to hybridization with the d bands). The quantity P can be defined as
where N (E) is the spin-dependent density of states. The value of P is controlled by the extent to which these s and d bands cross the Fermi surface. If the orbital character at the Fermi surface of a FM is primarily d-like, then P will be high. If, however, the orbital character is s-like or s-d-hybridized, then P can be low or high depending on the details of the electronic structure. The magnetization of a material may show that all of the electronic spins associated with the d orbitals are aligned but that P at E F can be depressed (2) . However, metallic oxide FMs, for example, have a greater opportunity for high values of P because of the predominance of d-orbital character at E F .
Measuring P requires a spectroscopic technique that can discriminate between the spin-up and spin-down electrons near E F . Spin-polarized photoemission spectroscopy is technically capable of providing the most direct measurement of P, but lacks the necessary energy resolution (Ϸ1 meV) (3). An effective alternative to photoemission is the use of spin-polarized tunneling in a planar junction geometry that does allow the electronic spectrum near E F to be probed with submillielectron volt energy resolution. Tedrow and Meservey (4) pioneered this technique by making FM-superconductor (SC) tunnel junctions and Zeeman splitting the SC's strongly peaked single-particle excitation spectrum by the application of a magnetic field. The resulting spectrum of the SC roughly corresponds to two fully spin-polarized peaks (neglecting spin-orbit coupling effects) that can be used to detect P of a current I from the FM film. The tunnel junction technique has been successfully used to find P for a number of magnetic metals. The drawback of the technique is the constraint of fabricating a layered device consisting of a thin-film FM on top of a uniform oxide layer 10 to 20 Å thick that is formed on top of the SC base. The need for a uniform oxide layer is a severe limitation of the technique because many interesting materials cannot be made within this stringent constraint. Accordingly, we have developed an approach to measuring P of a metal that requires no magnetic field and places no special constraints on a sample; thin films, single crystals, and foils of several metals have been successfully measured. In contrast to the tunnel junctions used by Tedrow and Meservey, we form a metallic point contact between the sample and a superconductor using a simple mechanical adjustment. Unlike a tunnel junction, a metallic contact allows coherent twoparticle transfer at the interface between the normal metal and the SC. The electronic transport properties at the point contact measures the conversion between superconducting pairs and the single-particle charge carriers of the metal.
The conversion of normal current to supercurrent at a metallic interface is called Andreev reflection (5) and is a well-known phenomenon in superconductivity. To understand this process, consider Fig. 1A showing an electron in a metal with P ϭ 0 propagating toward the interface. For the electron to enter the superconducting condensate and proceed as part of the supercurrent, it must be a member of a pair. The other electron required for the formation of the pair is obtained from the metal, thus leaving behind a hole at the interface. This hole has the opposite momentum of the incident electron and propagates away from the interface. The Andreev reflected holes act as a parallel conduction channel to the initial electron current, doubling the normal-state conductance G n (where G ϭ dI/dV and V is the voltage) of the point contact for applied voltages eV Ͻ ⌬, where ⌬ is the superconducting gap at the interface. In an I-V measurement, the supercurrent conversion appears as an excess current added to the ohmic response at the interface. We illustrate the effect experimentally in Fig. 1B for a superconducting niobium (Nb) point pressed into a Cu foil at a temperature of 1.6 K. At low voltage the normalized conductance is indeed twice that of the normal state, and an excess current of Ϸ0.2 mA is present.
The probes for this study were fabricated by mechanically polishing SC rods of superconducting material [Nb and tantalum (Ta)] to a sharp point with progressively finer sandpaper. Examination of the sharpened points with a scanning electron microscope indicated that all were roughly cone shaped and tapered to a rounded end with an approximate radius of 100 m. However, the extreme portion of the tips was studded with several protrusions that were 1 m or smaller and likely formed the actual point contact. Positioning and adjustment of the point contact was achieved by simple mechanical means. The tip was attached to a drive shaft vertically positioned above the sample material. The shaft was driven by a micrometer mechanism capable of moving the point linearly by 100 m per revolution. All of the transport measurements were made with a conventional four-terminal arrangement while the point contact and sample were immersed in a liquid He bath at either 4.2 or 1.6 K. The dI/dV data in this study were obtained by standard ac lock-in techniques at a frequency of 2 kHz.
To understand the effect of P on the Andreev reflection process, consider supercurrent. The removal of the spin-down electron leaves a spin-up hole that is Andreev reflected back into the metal. Note that the spin-up hole is the absence of a spin-down electron and so by convention is in the spindown density of states (DOS) as shown in Fig. 1A . Tracking the spin during Andreev reflection shows that the process is a coherent interspin-subband transfer that is sensitive to the relative electronic spin DOS or P at E F . If P ϭ 0, then the Andreev reflection is unhindered by a lack of spin minority carriers for the formation of pairs to enter a supercurrent. However, if P ϭ 100% near E F , as depicted in Fig. 1C , then there are no spin-down states in the metal to provide the other member of the superconducting pair for Andreev reflection. Supercurrent conversion via Andreev reflection at the interface is effectively blocked, allowing only single-particle excitations to contribute to the conductance. These single-particle states necessarily see the gap in the energy spectrum of the SC, thus suppressing the conductance G for eV Ͻ ⌬.
In Fig. 1D a superconducting Nb point contact is used on an epitaxial film of CrO 2 deposited on an oriented TiO 2 substrate (6). Experimental (7) and theoretical (8) works have suggested that CrO 2 is a half-metallic FM expected to have P ϭ 100% at E F . Our results directly confirm this expectation because nearly all of the Andreev reflection has been suppressed, implying almost full spin polarization.
For the cases P ϭ 0 and P ϭ 100%, the definition of P is not critical. However, for intermediate spin polarizations more careful consideration must be given to the nature of the experiment. The spin polarization P as written in Eq. 1 is nearly impossible to obtain in a transport experiment, yet transport is really the only means to obtain the needed energy resolution. The results of Tedrow and Meservey for P are more accurately described as a tunneling polarization,
where T 1 and T 2 are spin-dependent tunneling matrix elements. These matrix elements are determined by wave function overlap at the interface and should generally differ for the spin-up and spin-down bands (9) . For the point contact measurements reported here (with negligible interfacial scattering) we measure a contact polarization,
where v F is the Fermi velocity of the respective band. The appearance of v F in this expression is expected for a point contact (10) and leads to the observation
because I ϰ v F N (E F ). These different but related values for P will be distinguished when necessary hereafter. The point contact technique can measure P of currents characteristic of ballistic transport in the bulk material when interfacial scattering in the point contact is minimal as achieved in this study. From the standpoint of understanding spinpolarized transport and magnetoelectronics in nanostructures, determination of the P C is more relevant than P of the density of states.
To understand the dI/dV curves in more detail requires a model for Andreev reflection in the presence of a spin-polarized metal. We have developed such a theoretical framework for analyzing the data and extracting P C by adapting the Blonder-Tinkham-Klapwijk (BTK) theory for conventional Andreev reflection (P C ϭ 0) (11) to the case for spinpolarized materials (P C 0). The BTK theory allows the inclusion of interfacial scattering at the point contact through a parameter Z governed by the ratio of a scattering potential and the Fermi velocity. A ballistic point contact with no scattering has Z ϭ 0, whereas a tunnel junction corresponds to the limit Z3 ϱ. As Z increases, Andreev reflection at low voltages is suppressed and the characteristic spikes of a tunnel junction develop at eV ϭ Ϯ⌬. Determining if Z is present is straightforward because the conductance peaks that develop at the gap edges are sensitive to the increase in Z at low temperatures T. This study will focus on those point contact configurations where Z is small. For our purposes consider the decomposition of the current through the point contact into
where the unpolarized current, I unpol , carries no net P and obeys the conventional BTK theory. The remaining current, I pol , carries all of P and as such is entirely a quasiparticle current (because supercurrent can carry no net polarization). This current can be calculated by allowing only non-Andreev processes at the point contact. Within the BTK theory this procedure amounts to setting the Andreev coefficient, A(E), to zero and renormalizing all of the remaining processes to 1 for current conservation. P C can be extracted from the dI/dV curves by noting that
If the interfacial scattering is minimal (Z Ϸ 0), then for eV Ͻ Ͻ ⌬ and k B T Ͻ Ͻ ⌬ (where k B is Boltzmann's constant) the term
a result anticipated by de Jong and Beenakker (12) in this extreme limit. Under these restrictions, obtaining P C is straightforward from our technique. When these conditions are relaxed (Z 0 and finite T), a numerical fitting procedure over the entire voltage range with our modified form of the BTK model can be used to obtain P C .
In Fig. 2 we present a series of samples that show varying degrees of P C to demonstrate the applicability of the superconducting point contact technique. As prescribed by Blonder and Tinkham (13) , only data from those point-contact configurations with an ohmic contact resistance 1/G n between 1 and 100 ohms were analyzed. This criterion also helps remove consideration of contacts with too much plastic deformation that causes low contact resistance and heating due to high current densities. For a Sharvin point contact (10) between typical metals (Cu and Nb), this range implies contact areas of ϳ10 4 Å 2 . Additionally, we include in Fig. 2 only those contacts where the interfacial scattering, Z, appears to be minimal, allowing a direct estimate of P C by Eq. 6. The dI/dV curves for Cu (P C ϭ 0) and CrO 2 (P C Ϸ 100%) are reproduced in Fig. 2 for comparison with metals of intermediate P C . A polycrystalline permalloy (Ni 0.8 Fe 0.2 ) film, which was grown by sputtering, showed a P C of 35%, a value between the differing results of the tunneling technique (4, 14) . The spin polarization of permalloy seems to be sensitive to preparation conditions and is capable of significantly higher values (14) . Also measured were single-crystal thin films of Fe grown by molecular beam epitaxy (15) and a sputtered polycrystalline Ni film. A representative result for Co foil is shown in Fig. 2 , indicating a P C of 42%. Our measured value is slightly greater than that reported by Tedrow and Meservey (P T ϭ 35%). Our result for Ni of P C ϭ 45% is close to that of the Fe and Co measurements but is different from P T measured by Tedrow and Merservey (P T ϭ 23%). However, our value of P C is not far from more recent measurements of P T ϭ 33% (14) . The measured spin polarization of Ni and Ni-rich alloys has been shown to be very sensitive to impurities, possibly accounting for the discrepancies observed. Another possible source of disagreement is that the differences in the definition of spin polarization may be more pronounced for Ni compounds.
The three lowest dI/dV curves of Fig. 2 are for compounds that have not been examined by the tunnel junction technique. These materials are easily measured with our point contact technique. A Heusler alloy film, NiMnSb, grown by three-source co-evaporation (description of growth technique to be published), shows a polarization of P C ϭ 58% in contrast to expectations that it should be fully spin-polarized (16) . Examination of the structure by extended x-ray absorption fine structure spectroscopy showed some segregation of the Sb near the surface of Heusler films grown by this technique (17) . A thin film of the colossal magnetoresistance material, La 0.7 Sr 0.3 MnO 3 , grown by off-axis sputtering (18) showed a P C of almost 80%, near the value expected from a half-metallic FM with a fully spin-polarized Fermi surface. And finally we show the CrO 2 film with close to 100% spin polarization as discussed in Fig.  1D . Although this curve bears some resemblance to a tunnel junction with magnetic impurities, the substantial nonconservation of spectral weight compared to the normal state reveals that the effect is primarily caused by the spin polarization of the CrO 2 instead.
To ensure the consistency of our results, we have also studied the effect of reversing the role of the two materials. For example, Fig. 3 compares the conductance curves for two cases: a sharpened Ta point placed in contact with a single-crystal Fe thin film, and a sharpened Fe point placed in contact with a polycrystalline Ta foil. There is no significant difference between the shape of the conductance curves for the two cases, and analysis shows that nearly the same values are obtained for the gap ⌬ and P C . The slight difference near zero bias is due to varying amounts of interfacial scattering Z.
Our results are summarized in Table 1 with the materials arranged in ascending values of P C . In our technique, the deviation from the mean value of polarization P C (Table 1) is not controlled solely by experimental error because it may be due to the actual distribution of the spin polarization within the sample as well as surface-scattering effects. Nevertheless, the statistical variation is comparable to the tunneling results. The simplicity of our method allows materials not previously measured for spin polarization at E F (NiMnSb, La 0.7 Sr 0.3 MnO 3 , and CrO 2 ) to be studied. The point contact technique has the added advantage of providing rapid feedback in the development of spinpolarized materials for magnetoelectronics by making the determination of electronic spin polarization no more difficult than a low-temperature magnetization measurement.
Note added in proof:
We have become aware of related work by S. K. Upadhyay et al. (19) . Table 1 . Summary of experimental results with Andreev reflection to determine the P C at E F of several FM metals. The number of point contact adjustments is indicated by N. Each adjustment represents a distinct point contact junction and an independent determination of P C . Columns 5 and 6 represent a comparison between the previously measured P T (4) and the value of P C from the measured G(0)/G n with Eq. 6, respectively. 
